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Introduction
Liver inflammation is pivotal to the progression of chronic liver disease to end-stage complications such as fibrosis, cirrhosis and hepatocellular carcinoma (HCC). 1 The identification of proinflammatory CD14
+ HLA-DR hi CD206 + macrophages resistant to endotoxin tolerance -in a granulocyte-macrophage colony-stimulating factor (GM-CSF)-dependent mannerwithin the liver of patients with advanced chronic viral hepatitis 2 demonstrated the importance of the intrahepatic myeloid compartment in chronic liver inflammation. However, the mechanisms that mediate the accumulation of intrahepatic CD14 + HLA-DR hi CD206 + macrophages remain poorly defined.
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anti-GM-CSF neutralizing antibody; HCV; NASH. GM-CSF is part of the CSF superfamily of growth factors which are required for the development of monocytes, macrophages, dendritic cells (DCs) and granulocytes from myeloid precursors. 3 GM-CSF is a monomeric glycoprotein that is secreted by both haematopoietic and non-haematopoietic cells upon stimulation. 4, 5 Unlike granulocyte colony-stimulating factor and macrophage colony-stimulating factor, which are indispensable for steady state myelopoiesis, [6] [7] [8] GM-CSF is increasingly recognised as a central mediator of immune activation and inflammation. 3, 9, 10 Helper T cell (T H )-derived GM-CSF has been demonstrated to induce an inflammatory phenotype in central nervous system-infiltrating myeloid cells leading to demyelination and neurological deficits in experimental autoimmune encephalitis [11] [12] [13] [14] [15] and GM-CSF-overexpressing transgenic mouse models. 16 Consistent with the observations in animal models, GM-CSF has also been implicated in human autoimmune diseases. Elevated concentrations of GM-CSF have been detected in the cerebrospinal fluid of patients with multiple sclerosis (MS), providing further evidence of the involvement of GM-CSF in neuroinflammation. 17 Elevated concentrations of GM-CSF have been detected in the synovial fluid of patients with rheumatoid arthritis (RA) 18 and administration of recombinant GM-CSF in these patients exacerbates disease activity. 19 Despite the overwhelming evidence supporting its role in autoimmune diseases, GM-CSF has not been implicated in chronic liver disease. In this study, using multiplex immunofluorescent histology and histo-cytometric analyses of liver tissues from 47 patients with HCC secondary to viral and non-viral aetiologies, we demonstrated that the intrahepatic expression of GM-CSF and CD206
+ macrophage density correlated with the degree of liver fibrosis. We also showed that serum GM-CSF concentration was elevated in patients with chronic HCV who had higher viral titres and more advanced liver fibrosis, as well as in patients with non-alcoholic steatohepatitis (NASH) who had more advanced liver fibrosis. Serum GM-CSF was also increased in HBV-infected humanised mice in direct correlation with intrahepatic CD206 + macrophage frequency and it was normalised following oral antibiotic treatment. We next demonstrated that microbial products (lipopolysaccharide [LPS] ) drove the differentiation of monocytes into CD206 + macrophages in a GM-CSF-dependent manner. Importantly, both prophylactic and therapeutic treatment of HBV-infected humanised mice using a neutralising anti-GM-CSF antibody reduced the number of CD206 + macrophages and abolished liver fibrosis. These findings highlight, for the first time, that GM-CSF is a central mediator of liver inflammation and fibrosis, providing evidence of novel therapeutic approaches for the management of patients with chronic liver disease.
Materials and methods
Human blood and serum samples Peripheral blood from healthy donors was collected by venepuncture with heparin anti-coagulation or post-apheresis with citrate anti-coagulation (Health Sciences Authority, Singapore) and peripheral blood mononuclear cells (PBMCs) were freshly purified on a Ficoll density gradient. Sera was collected from 7 healthy donors, from 40 patients with HCV before and after direct-acting antiviral (DAA) therapy at a single tertiary centre in Milan, Italy (Table 2) , and from 18 patients with NASH. Patients with HCV were treated between 2014 and 2017 with available DAA regimens, according to International recommendations. All patients with HCV underwent pre-and posttreatment (12 weeks) clinical assessments, which included HCV RNA, aminotransferases and platelet values. Fibrosis stage was assessed non-invasively, through transient elastography; cirrhosis (F4) was identified by a liver stiffness measurement (LSM) >11.9 kPa. A sustained virological response (SVR) was defined as HCV RNA undetectability 12 weeks after the end of treatment.
Multiplex immunohistochemistry and confocal microscopy Multiplex immunohistochemistry was performed using an Opal Multiplex fIHC kit (PerkinElmer, Waltham, MA, USA) and a Leica Bond Max autostainer (Leica Biosystems Melbourne, Australia). Deparaffinised and rehydrated formalin-fixed paraffinembedded (FFPE) tissue sections were subjected to heatinduced epitope retrieval (HIER; Leica Biosystems Newcastle, UK) and incubated with a primary antibody for GM-CSF (Novus Biologicals LLC, Centennial, CO, USA), CD14 (Abcam Plc, Cambridge, UK), CD206 (Bio-Rad Laboratories Inc, Hercules, CA, USA) or CD68 (Dako Denmark A/S). Secondary antibodies (Leica Biosystems Newcastle, UK) were then applied, followed by fluorophore-conjugated tyramide signal amplification (TSA) buffer (PerkinElmer, Waltham, MA, USA): Opal 520 or Opal 570 (FITC and Cy3 equivalent respectively). HIER and antibody incubation steps were repeated for a second primary antibody and TSA. Spectral DAPI (PerkinElmer, Waltham, MA, USA) was used as a nuclear counterstain prior to coverslipping in antifade mountant (Life Technologies Corp, Eugene, OR, USA). The antibodies used were the same as for tissue microarray (TMA) staining (described below, see Table 1 ). Confocal images were acquired using an FV-1000 confocal system combined to an inverted Olympus IX81 microscope (40x objective) and analysed using the Image J 1.51m9 software.
Patients and tumours used for the histo-cytometry analyses A total of 47 archival FFPE adjacent normal liver specimens from patients diagnosed with hepatocellular carcinoma between January 2001 and December 2011 at the Department of Anatomical Pathology, Division of Pathology, Singapore General Hospital, were analysed (Table 1 ). All samples were obtained before patients underwent chemo-or radiotherapy. Clinicopathological parameters, including patient age, tumour size, histologic growth pattern, grade and subtype, associated ductal carcinoma in situ, lymphovascular invasion and axillary lymph node status, are reviewed. Tumours were typed, staged and graded according to the World Health Organization, American Society of Clinical Oncology-College of American Pathologists (ASCO-CAP) guidelines. 20 Ishak fibrosis score 21, 22 was adopted to evaluate the fibrosis status of the non-neoplastic liver; these scores are documented in the pathological diagnostic reports. The Centralized Institutional Review Board of SingHealth provided ethical approval for the use of patient materials in this study (CIRB ref: 2009/907/B).
Tissue microarray construction
Non-neoplastic liver regions were selected for TMA construction based on pathological assessment which identified samples where 100% of the sample area was non-neoplastic liver tissue. For each sample, 2 or 3 representative tumour cores of 1 mm diameter were transferred from donor FFPE tissue blocks to recipient TMA blocks using an MTA-1 Manual Tissue Arrayer (Beecher Instruments, Inc., Sun Prairie, WI, USA). TMAs were constructed as previously described. 23 
Multiplex immunofluorescence
Multiplex immunofluorescence was performed using an Opal Multiplex fIHC kit (PerkinElmer, Inc., Waltham, MA, USA), on FFPE tissue sections processed according to the standard immunohistochemistry protocol. Slides were incubated with primary antibodies against cytokeratin (CK), CD14, CD206, GM-CSF, and TNFa (as presented in Table S1 ), followed by appropriate secondary antibodies, before application of the fluorophore-conjugated tyramides signal amplification buffer (PerkinElmer, Inc., Waltham, MA, USA). DAPI was used as a nuclear counterstain, and images were acquired using a Vectra 3 pathology imaging system microscope (PerkinElmer, Inc.) and analysed using inForm version 2.3 software (PerkinElmer, Inc.). Mean intensities of each stain were determined in the nucleus, cytoplasm and membrane of individual cells delineated in each image. For DAPI, nucleus quantification was used but for the other stainings, cytoplasmic quantification was used rather than membrane quantification to limit contaminating signals coming from neighbouring cells. Data were next analysed by histo-cytometry using the FlowJo software (Tree Star). Merged images of CD14 and GM-CSF co-stainings were obtained using the Image J 1.51m9 software.
Flow cytometric analyses
PBMCs were stained as previously described 24 and analysed using a LSRFortessa (BD Biosciences). Dead cells were excluded using Live/Dead Blue dye (Invitrogen). For intracellular cytokine Unsupervised analysis of flow cytometric data by t-SNE and PhenoGraph t-distributed stochastic neighbour embedding (t-SNE) and PhenogGraph analyses were performed as previously described. 2, 25 FCS files compensated for spillover between channels were exported using FlowJo v10 (Tree Star Inc.). FCS files were then imported into the R environment via the read. FCS function in the flowCore package and intensity values of marker expression were extracted. The intensity values of marker expression were then logicle-transformed via the logicleTransform function in the flowCore package using parameters w = 0.1, t = 4,000, m = 4.5 and a = 0. Subsequently up to 20,000 cell events were randomly sampled from individual FCS files and combined. The dimensionality of the combined data was reduced to 2 using bh_tsne, an efficient implementation of t-SNE via Barnes-Hut approximations. Lastly the 2D t-SNE coordinates were inverse-logicle transformed and added to the original FCS files as additional channels. PhenoGraph algorithm was applied using a script in R obtained from Jinmiao Chen's laboratory (https://github.com/ JinmiaoChenLab/Rphenograph) to automatically define landmark clusters.
In vitro assays PBMCs were cultured in RPMI (Gibco) supplemented with 10% FCS (R10) at 37 C, 5% CO 2 . For cell surface phenotyping and functional assays, frozen PBMCs were thawed and seeded in either 48-well (1.5×10 6 cells/ml) or 96-well plates (2.5-3.75×10 6 cells/ml) and cultured for 24 h to 48 h. Functional assays were performed by priming cells with recombinant human GM-CSF (100 ng/ml; R&D), LPS (10pg/ml; Invivogen) or both for 24 h or 48 h and subsequently challenged with LPS (10 ng/ml) for 6 h in the presence of brefeldin A (10lg/ml; Sigma-Aldrich). For GM-CSF blocking experiments, fresh or thawed PBMCs were seeded in either 48-well (1.5 ×10 6 cells/ml) or 96-well (3.75 ×10 6 cells/ml) plates and treated with anti-GM-CSF neutralising antibody (10lg/ml; Miltenyi Biotec) or isotype antibody (Miltenyi Biotec) for 24 h or 48 h. Cells were then labelled for flow cytometric analysis.
Serum analyses
Cytokine, except GM-CSF in human serum, concentrations from human and humanised mouse sera were measured using human cytokine bead-based assays (Luminex). Human serum GM-CSF was quantified using the high sensitivity GM-CSF ELISA kit (R&D Systems). Serum soluble CD14 (sCD14) from humanised mice was quantified using the human sCD14 ELISA kit (R&D Systems) or the human sCD14 flex set (BD Biosciences) respectively.
Humanised mouse model
Non-obese diabetic (NOD) SCID gamma (NSG) humanised mice (17 females and 7 males, with no difference in reconstitution) were established from CD34 + hepatic stellate cells (HSCs) of foetal liver tissues (single donor) as described previously.
2,26
The mice were bled 8-10 weeks post-transplantation to determine the human immune reconstitution and serum human albumin levels. 10 to 12-week-old mice (10-70% human immune cell reconstitution; serum hAlbumin 20-200 ng/ml) were infected with 10 7 IU of HBV (genotype D3, from HepG2.2.15 or HepAD38 cells) by intravenous injection (day 0). To deplete gut microbiota, penicillin G Sodium (1 mg/ml) and streptomycin sulfate (2 mg/ml) antibiotics were given 1 week before infection and subsequently twice a week in drinking water. For GM-CSF blocking in vivo, intravenous anti-GM-CSF neutralising antibody (1 mg/kg; Miltenyi Biotec) was administered 1 day prior to HBV inoculation (prophylactic group) and once a week thereafter and starting from week 6 for the therapeutic group. The control group received the same volume of PBS weekly starting from the day prior to HBV inoculation. Serum HBV DNA was purified using QIAamp MinElute Viral Spin kit (Qiagen) and measured by qPCR using primers designed previously and standards (Applied Biosystems). Serum alanine aminotransferase (ALT) was measured by the comparative medicine in house veterinary diagnostic laboratory, National University of Singapore, as previously described. 26 All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC). All mice were bred and kept under specific pathogen-free with 12 h light/12 h dark cycle conditions in Biological Resource Centre, Agency for Science, Technology and Research, Singapore in accordance with the guidelines of the Agri-Food and Veterinary Authority and the National Advisory Committee for Laboratory Animal Research of Singapore. To avoid overcrowding, a maximum of 5 mice per cage was allowed. All mice were fed with irradiated TEKLAD GLOBAL 18% Protein Rodent Diet (2918) and water and monitored daily for health. Changes of mice cages were conducted on a weekly basis.
Histological analyses of humanised mouse liver All mice were sacrificed at 10 weeks post HBV infection. Liver tissues were processed as previously described. 26 Briefly, liver tissues were fixed in 10% formalin prior to paraffin block embedment. Rehydrated tissues sections were stained with H&E (Thermo Scientific), Fast-Green (Sigma) & Sirius Red (Sigma) according to manufacturer's protocol. Quantification of liver fibrosis was measured by area of fibrotic lesions stained with Sirius Red over observed whole region of interest using the ImageJ software. All images were captured by the ZEISS Axio Scan.Z1 and processed using the Zen lite software.
Real-time PCR RNA was extracted from liver tissues using TRIzol Reagent (Invitrogen) followed by reverse transcription to cDNA via QuantiTect Reverse Transcription Kit (Qiagen) according to manufacturer's instructions. DNA template was added into SsoFast EvaGreen Supermix (BIO-RAD) with paired primers of interest prior to real-time PCR using BIO-RAD's CFX Connect Real-Time PCR Detection System. Primer sequences are available in Table S2 . The relative abundance of mRNA expression of a control sample was arbitrarily designated as 1, and the values of the relative abundance of mRNA of other samples were calculated accordingly.
Statistical analyses
Statistical analyses were performed using GraphPad Prism 6. The Mann-Whitney test (2-tailed) was used in all data analyses apart from where cells from the same donor were subjected to different treatment conditions or the same animals were followed longitudinally, in which cases the Wilcoxon signed-rank test (2-tailed) was used. Differences were defined as statistically significant when p <0.05.
Study approval
All clinical specimens were collected with written informed consent prior to inclusion in the study in accordance with the Declaration of Helsinki and local research ethics committee approval. Animal experimental procedures were in accordance with protocols approved by the International Animal Care and Use Committee (IACUC) at the Biological Resource Centre in A*STAR, Singapore.
Results
Liver fibrosis correlates with intrahepatic GM-CSF and CD206 + macrophages in patients with viral-and non-viralrelated liver disease In our previous study, 2 we showed that in comparison to healthy livers, cirrhotic human livers were enriched with CD14 + HLA-DR hi CD206
+ macrophages which spontaneously produced tumour necrosis factor-a (TNFa) and were more refractory to endotoxin-induced tolerance, a mechanism involving GM-CSF. While GM-CSF has been implicated as a central mediator of neurological and articular inflammation, its role in chronic liver inflammation has not been investigated. We first carried out confocal microscopy experiments on the non-tumour regions of liver tissue from a patient with hepatocellular carcinoma and confirmed that intrahepatic CD14 + macrophages produced GM-CSF as observed by the intracytoplasmic detection of GM-CSF within macrophages (Fig. 1A) . To better understand the interplay between TNFa-producing CD206 + macrophages and GM-CSF within human livers, we next carried out multiplex immunofluorescence analyses on the non-tumour regions of liver tissue from patients with HCC (n = 47) secondary to viral or non-viral aetiologies (Table 1) . Using the inForm software, individual cells in each image were delineated. For each cell, the mean cytoplasmic fluorescence intensities of each staining were measured and further analysed by histo-cytometry. + macrophages were detected mostly in the liver stroma/parenchyma in highly fibrotic (fibrosis score = 6) livers (Fig. 1D-F and S1A ). Co-localisation of GM-CSF with CD14 was also evaluated in immunofluorescence images as exemplified for images obtained for patient TMA-18 ( Fig. S1B-C) .
Apart from a non-significant trend toward an increased density of TNFa + macrophages in HCV+ patients, no quantitative difference was observed between patients based on HBV or HCV infection status (Fig. S1D ), but we observed striking differences when dividing patients based on the degree of liver fibrosis by Ishak scoring 21, 22 ( Fig. 1G-J) . We observed that highly fibrotic livers (Ishak 3-6, n = 33) had a greater density of CD206 + (but not CD206 -) macrophages compared to mildly fibrotic livers (Ishak 0-2, n = 14) (Fig. 1G-H) . We also confirmed that CD206 + macrophages produced more TNFa and GM-CSF than their CD206 -counterparts and that this production was increased in highly fibrotic livers (Fig. 1I-J, and Fig. S1D ). Although the frequency of GM-CSF producing CD14
-CK-18 +/-non-macrophages producing cells was higher than that of GM-CSF-producing CD14 + macrophages (Fig. S1F) , the numbers of CD206 + macrophages strongly correlated with the numbers of GM-CSF-producing macrophages but not with that of GM-CSF-producing CD14 -CK-18 +/-cells (Fig. 1K) . Finally, the numbers of intrahepatic GM-CSF + and TNFa + macrophages were positively correlated (Fig. 1L) . Collectively, the accumulation of TNFa-and GM-CSF-producing intrahepatic CD206
+ macrophages is positively correlated with the degree of liver fibrosis in human livers independent of aetiology.
Elevated serum GM-CSF concentrations are associated with advanced liver fibrosis and systemic inflammation in patients with viral-related liver disease Having identified a link between intrahepatic GM-CSF expression by CD206 + macrophages and liver fibrosis, we sought to validate this observation in cohorts of non-HCC liver disease patients. To this end, we measured the serum concentration of GM-CSF, along with TNFa and IL-1b, in chronic HCV-infected (CHC; divided into low [<5×10 5 IU/ml, n = 12] and high [>1 ×10
6 IU/ml, n = 17] plasma HCV RNA [ Table 2 ]) patients before the initiation of DAA therapy and compared them to healthy human donors (n = 7). Serum GM-CSF was higher in CHC patients with high viremia compared to healthy controls and to patients with low viremia (Fig. 2A, left panel) , while only a nonsignificant trend to increased serum GM-CSF was observed when patients were split based on their serum ALT concentration (Fig. S2A) . The concentration of serum TNFa was also elevated in high viremia patients but did not reach statistical significance ( Fig. 2A, right panel) . The serum concentration of GM-CSF in all CHC patients was significantly positively correlated with that of TNFa and IL-1b (Fig. 2B) , suggesting that the elevated serum GM-CSF concentration during chronic HCV infection is associated with an inflammatory response, as previously described. 27, 28 Since we observed no difference in serum GM-CSF concentrations before and after therapy (Fig. S2B) , all patients in this cohort, both before and after DAA therapy, were then segregated based on liver fibrosis as determined by transient elastography (Fibroscan). Compared to patients with a fibrosis score of zero, serum GM-CSF and TNFa concentrations were significantly increased in patients with high fibrosis score (3+4) but contrary to TNFa, GM-CSF increase was not significant in patients with an intermediate fibrosis score (1+2) (Fig. 2C) . We next quantified serum GM-CSF concentrations in a cohort of patients with NASH (n = 18), for which fibrosis was scored ( Table 3 ). The lower number of included patients compared to the previous cohort did not allow us to observe significant differences between patients with NASH and healthy controls, although a trend to increased serum GM-CSF concentration was observed in patients (Fig. S2C) . Interestingly, we observed that as for patients with HCV and a higher fibrosis score, the 3 patients with NASH and the highest fibrosis score (= 4) had significantly increased serum GM-CSF concentrations compared to healthy controls and to patients with NASH and low fibrosis score (= 1; Fig. 2D ). Therefore, circulating GM-CSF levels may correlate with the degree of liver fibrosis and systemic inflammation in chronic liver disease of different aetiologies including HCV infection and NASH.
Differentiation of TNFa-producing CD206
+ monocyte-derived macrophages is driven by LPS in a GM-CSF-dependent manner To investigate the mechanism leading to GM-CSF overproduction and CD206
+ macrophage accumulation and since chronic liver disease is associated with increased gut microbial translocation and liver inflammation, [29] [30] [31] we utilised a humanised (HIL) mouse model of viral-induced liver disease and measured the concentration of serum GM-CSF in mock-(n = 11) and HBVinfected (n = 13) animals before and after administration of oral antibiotics at 6-16 weeks post-infection (wpi) (Fig. 3A-B) . GM-CSF was significantly higher in HBV-infected than mockinfected animals and this increase was abrogated following antibiotic treatment (Fig. 3A) . We also observed that serum GM-CSF concentrations in HIL mice were significantly positively correlated with both serum soluble CD14 (sCD14, a marker of bacterial translocation and myeloid cell activation 29 ) and the frequency of intrahepatic CD206 + macrophages (Fig. 3B) . We next studied the interplay between bacterial products (LPS), GM-CSF and human TNFa-producing CD206 + monocyte-derived macrophage-like cells (moMFs) in vitro. First, we confirmed that human monocytes can produce GM-CSF in response to LPS (Fig. S3A) . 32 Next, healthy human PBMCs were primed with or without recombinant human GM-CSF (rhGM-CSF) and subsequently challenged with LPS (10ng/ml). Unsupervised analysis of flow cytometric data using t-SNE and PhenoGraph identified 4 clusters of cells (#2, #4, #5 and #9) among HLA-DR + CD88 + myeloid cells which upregulated CD206 expression upon GM-CSF and/or LPS treatment (Fig. 3C-D and Fig. S3B-C) . Except for cluster #2, the remaining clusters also upregulated the cytokines TNFa, IL-6 and GM-CSF and the chemokines CCL3 and CCL4 (Fig. 3C-D and Fig. S3C ), which is further illustrated by manual gating (Fig. 3E and Fig. S3D) . Importantly, the majority of cells that produced these cytokines and chemokines were CD206 + , but not CD206 -, cells. Peripheral blood monocytes from healthy human donors (n = 7) primed with rhGM-CSF for 24 h showed a significantly higher frequency of CD206 + cells compared to untreated controls (Fig. 3F) , consistent with previous reports showing that GM-CSF can upregulate the expression of CD206 on monocytes. [33] [34] [35] Priming of monocytes with LPS alone was sufficient to induce a significantly higher frequency of CD206 + / CD14
hi cells compared to untreated controls, although the extent of CD206 induction was lower than that achieved with rhGM-CSF (Fig. 3F-G 
CD206
-cells ( Fig. 3H and Fig. S3E , right panels). Therefore, GM-CSF and LPS can promote the differentiation of TNFa-producing CD206 + moMF. To determine if CD206 + moMF differentiation from CD14 + monocytes when exposed to LPS was dependent on GM-CSF production, we treated LPS-activated healthy human PBMCs (n = 7) with either anti-GM-CSF neutralising antibody or isotype control for 24 h. In the presence of isotype antibody, we confirmed that LPS activation resulted in a significantly higher frequency of CD14
hi cells compared to unstimulated controls (Fig. 3I) . Treatment with anti-GM-CSF antibody abrogated this increase in frequency of CD14 + CD206
+ cells following LPS activation (Fig. 3I-J) . These results demonstrated in vitro that bacterial products (LPS) can induce GM-CSF production by monocytes, which in turn can induce their conversion into TNFa-producing CD206 + moMF.
GM-CSF neutralisation inhibits intrahepatic CD206
+ macrophage accumulation and fibrosis in viral-induced liver disease Our next aim was to evaluate in vivo the role of GM-CSF in liver fibrosis and CD206 + macrophage accumulation, 2 using the same HBV-induced liver inflammation model as in Fig. 3A -B (HBV-infected NSG humanised mice). To this end, HBV-infected animals were treated with a neutralising anti-GM-CSF antibody either prophylactically (treatment started the day of the HBV infection, D0), or therapeutically (treated 6 weeks Research article post-infection, wpi) and compared to control mice that had received an injection of saline solution (PBS) at D0 ( Fig. 4A and Fig. S4A ). In untreated HBV-infected mice (control group), we observed a progressive increase in serum sCD14 concentrations as early as 2 wpi which was abolished when anti-GM-CSF treatment was started at 0 wpi (prophylactic group), while it was only moderately reduced at 10 wpi when anti-GM-CSF treatment was started at 6 wpi (therapeutic group) (Fig. 4B) . We also quantified serum concentrations of human ALT to evaluate liver damage, which indicated that intrahepatic inflammatory events had already commenced when animals from the therapeutic group started their anti-GM-CSF treatment (Fig. 4C) . Interestingly, the significant increase of human ALT at 6 wpi was observed only in animals that were untreated (control and therapeutic groups), while the modest increase when comparing 0 wpi and 6 wpi was not significant in animals from the prophylactic group, suggesting that anti-GM-CSF limited liver damage already at 6 wpi. Importantly, administration of anti-GM-CSF neutralising antibodies significantly reduced the intrahepatic frequency and absolute number of CD206 + macrophages compared to untreated controls ( Fig. 4D and Fig. S4B ). Serum sCD14 concentrations positively correlated with intrahepatic CD206 + macrophage frequency suggesting that bacterial products may influence the accumulation of these cells (Fig. S4C) . We next evaluated the impact of anti-GM-CSF treatment on liver fibrosis using Sirius Red staining (Fig. 4E-F) . All mice in both prophylactic and therapeutic groups showed a significantly lower degree of liver fibrosis compared to mice in the control group (Fig. 4E-F) . This observation was confirmed by a reduction in the hepatic expression of human pro-fibrotic genes in anti-GM-CSF treated mice (significant reduction only when comparing non-treated mice to mice from the therapeutic group, Fig. 4G and Fig. S4D ). Finally, similar to our observation in human fibrotic livers (Fig. 1F-G) , we also observed that the density of intrahepatic CD206 + macrophages trended to correlate with liver fibrosis although not reaching statistical significance (Fig. 4H ). This in vivo study demonstrates that GM-CSF contributes both to liver fibrosis and to CD206 + macrophage accumulation during inflammatory liver disease.
Discussion
Chronic liver disease is characterised by persistent inflammation leading to end-stage complications. Previously, we showed that intrahepatic TNFa-producing CD14 + HLA-DR hi CD206 + macrophages were expanded during viral-related liver disease possibly mediated by bacterial products such as LPS which are present in the gut flora. 2 In this study, we demonstrated that GM-CSF, like LPS, can promote CD206 + monocyte-derived macrophage differentiation from monocytes. Both intrahepatic and circulating levels of GM-CSF positively correlated with liver fibrosis severity in patients with inflammatory liver disease independent of aetiology. Importantly, antibody-mediated neutralisation of GM-CSF reduced intrahepatic CD206 + macrophage accumulation and liver fibrosis in a model of viral-induced liver disease, revealing for the first time a role of GM-CSF in liver fibrosis.
CD206 expression has traditionally been used to identify alternatively-activated (M2) macrophages, whose functions include, among others, immune regulation and tissue remodelling. 36, 37 In our previous study 2 and here, we demonstrated that intrahepatic CD206 + macrophages are potent TNFa and GM-CSF producers, proinflammatory functions conventionally associated with classically-polarised (M1) macrophages. Furthermore, we showed here that intrahepatic CD206 + macrophages could be involved in liver fibrosis since they were proportionately enriched in patients with a higher degree of liver fibrosis and GM-CSF blockade reduced both their accumulation and liver fibrosis in HBV-infected humanised mice. Therefore, we provide further evidence that the M1/M2 paradigm, which was established by polarising monocytes in vitro, might be inadequate when describing tissue macrophage function in vivo due to the complexity of signals at play. A multidimensional approach to macrophage activation 38 may be more appropriate when analysing in vivo macrophage function. We postulate that CD206 + macrophages may contribute to liver fibrosis in part via TNFa production. HSCs transdifferentiate into pro-fibrotic collagenproducing myofibroblasts upon activation, 39 and hepatic macrophages have been shown to promote HSC survival via TNF and IL-1 secretion both in vitro and in vivo, perpetuating liver fibrosis. 40 Furthermore, TNFa can upregulate pro-fibrotic TIMP-1 NASH  17  3  2  2  4  FLC_008  NASH  10  1  2  2  4  FLC_010  NASH  16  1  2  2  4  FLC_018  NASH  14  1  2  2  2  FLC_019  NASH  11  2  2  2  3  FLC_024  NASH  > − 11  1  3  2  3  FLC_025  NASH  > − 11  1  3  2  3  FLC_026  NASH  9  2  2  2  2  FLC_027  NASH  9  1  2  1  4  FLC_028  NASH  10  2  2  1  3  FLC_031  NASH  > − 11  1  3  2  2  FLC_032  NASH  > − 11  1  3  2  3  FLV_018  NASH  2  1  0  0  2  FLV_027  NASH  2  1  0  0  1a  FLV_028  NASH  1  1  0  0  1a  FLV_032  NASH  2  1  0  0  2  FLV_033  NASH  1  1  0  0  1a  FLV_041  NASH  2  1  0  0  1c NASH, non-alcoholic steatohepatitis.
Research article although commonly associated with M1 polarisation, can be profibrotic, a function commonly associated with M2-polarised macrophages. Future studies should also aim at determining if intrahepatic CD206 + macrophages can produce HSC-activating factors such as TGFb and PDGF.
Circulating GM-CSF concentrations were not only higher in patients with CHC and high viral load compared to healthy controls, but they were also directly correlated with other inflammatory markers such as TNFa and IL-1b, indicating that GM-CSF production is part of a broader immune activation response. The positive correlation between circulating GM-CSF and sCD14 in HBV-infected mice suggests that this immune activation may be mediated by gut-derived bacterial products, but this remains to be directly proven in future studies. This is plausible given that chronic liver disease is associated with a breakdown of the gut barrier allowing increased translocation of bacterial products which have been shown to correlate with liver disease severity in patients 29, [44] [45] [46] and promote fibrosis and HCC development. 30, 31 This finding also demonstrates that GM-CSF plays a more prominent role during inflammation than during the steady state, where it is mainly required for the development of alveolar macrophages 47 and CD103 + cDC1 in mouse non-lymphoid tissue. 48 Indeed, GM-CSF is frequently used as an adjuvant to induce the maturation of DCs to prime antigen-specific T cell responses. 9, 49 This is exemplified by various treatment modalities utilising GM-CSF which are currently in clinical trials for patients with metastatic melanoma. 50, 51 Studies ascribing a proinflammatory role to GM-CSF focus on GM-CSF derived from T H cells 52 and B cells. 53 T H cells can secrete GM-CSF in response to IL-23 and IL-1 12 as well as IL-7 through STAT5 activation. 13 However, monocytes and macrophages are also potent producers of GM-CSF upon LPS stimulation. 32 In chronic viral-related liver disease, we previously showed that intrahepatic CD14 + macrophages were the main producers of GM-CSF within pathologic livers when activated by bacterial products, while GM-CSF secretion by T cells in response to T cell receptor (TCR) engagement was modest. C o n t r o l P r o p h y l .
T h e r a p . C o n t r o l P r o p h y l.
T h e r a p . C o n t r o l P r o p h y l .
T h e r a p . In this study, GM-CSF-dependent CD206 + macrophage differentiation is likely due to GM-CSF generated by CD14 + myeloid cells and DCs, the former being the major source. This hypothesis is corroborated by our observation of a strong correlation between the number of CD206 + macrophages and GM-CSFproducing macrophages in the non-tumour liver regions of patients with HCC. In the liver of these patients, we observed a greater GM-CSF-producing capacity of CD206
+ macrophages compared to CD206 -macrophages. This observation suggests that GM-CSF produced by CD206 + macrophages could maintain their CD206 + phenotype and their proinflammatory capacity in an autocrine or paracrine manner. In addition, there was no significant difference in the frequency of intrahepatic GM-CSF-producing CD206
+ macrophages between patients with viral-and non-viral-related HCC (Fig. S2B) , suggesting that GM-CSF-mediated liver fibrosis is independent of the aetiology of chronic liver disease. It should be noted that other intrahepatic cell subsets such as mucosal-associated invariant T cells, 54 fibroblasts 55 and endothelial and epithelial cells 56 have been demonstrated to produce GM-CSF. Consistently, we also detected GM-CSF in the cytoplasm of intrahepatic CD14 -CK-18 +/-non-macrophage cells but it did not correlate with CD206 + macrophage accumulation. A more detailed analysis of intrahepatic GM-CSF-producing non-macrophage cells is warranted to elucidate any potential role in liver fibrosis.
The identification of GM-CSF as a potential key mediator of liver fibrosis could allow the development of targeted therapies. There are currently several clinical trials inhibiting GM-CSF or GM-CSFR using neutralising monoclonal antibodies in patients with various autoimmune diseases. The most promising candidate is mavrilimumab, a human monoclonal antibody targeting the GM-CSFR a-chain. In the recently completed phase IIb study of 326 patients with RA, mavrilimumab treatment for 24 weeks significantly reduced RA disease activity compared to placebo. 57 GSK3196165, a human monoclonal antibody which inhibits GM-CSF, showed evidence of rapid clinical responses in a phase Ib/IIa trial of 96 patients with moderate RA. 58 It is also being tested in patients with MS and a phase Ib study of 32 patients with relapsing-remitting and secondary progressive MS showed that GSK3196165 was well-tolerated but did not induce immunogenicity. 59 More recently, it has been shown that GM-CSF neutralisation with lenzilumab resulted in a reduction in neuroinflammation and cytokine release syndrome in a primary acute lymphoblastic leukaemia patient-derived xenograft model following chimeric antigen receptor T cell therapy. 60 The findings from these ongoing trials and studies will inform the use of GM-CSF-targeted therapies for the treatment of patients with chronic liver disease.
In summary, we provide evidence for a novel role of GM-CSF in liver fibrosis. We observed a strong correlation between GM-CSF, CD206
+ macrophages and liver fibrosis in patients with both viral and non-viral-related liver disease. Importantly, blocking GM-CSF prevented the accumulation of intrahepatic TNFa-producing CD206 + macrophages and ameliorated liver fibrosis following viral-induced liver disease. These data support the use of anti-GM-CSF therapies as a novel approach for the treatment of patients with chronic liver disease.
